Abstract-This paper presents the design and analysis of a handheld manipulator for vitreoretinal microsurgery and other biomedical applications.
laser scanning [8] . Furthermore, a manipulator with at least 5 degrees of freedom (5DOF) is desired in order to enable the control system to account not only for the relative motion at the retina, but also for the fulcrum at the entry through the sclera.
A parallel-link mechanism has advantages over a serial-link mechanism for this application, due to its compactness and high rigidity [9] . For this reason all prototypes of Micron have used parallel manipulators [3] . Other research also evinces the potential of parallel micromanipulators for similar applications. Tanikawa and Arai demonstrated a multi-DOF two-fingered parallel micromanipulator which was teleoperated by a two-fingered interface [10] .
A bone-mounted miniature 6DOF parallel manipulator was also developed using micromotors and embedded LVDT sensors [5] . However, the overall dimensions of these manipulators reflect the fact that they are not designed for handheld operation. They are mounted to either the table or the skeleton of the patient. A manipulator considerably smaller than these is needed for this application.
A reduction in size of Micron is needed, as the wide manipulator in the previous prototype, caused by the bender actuators, is ergonomically undesirable and tends to obstruct the sight line of the operating microscope [3] . An alternative design by Tan et al., while smaller, has only 3 degrees of freedom [9] . A different type of actuator is needed, therefore, in order to achieve 6DOF operation in a narrower package. The actuator chosen must meet certain specifications for displacement, bandwidth, and force in order to provide successful performance for the system.
In this paper, we propose a six-axis handheld micromanipulator using a new type of a piezoelectric linear actuator. The design of the micromanipulator is optimized and evaluated by simulations to satisfy the requirements of vitreoretinal microsurgery. Based on this design and analysis, a benchtop version of the micromanipulator is constructed and its performance is assessed
II. DESIGN
The proposed design for the micromanipulator is a Gough-Stewart platform [11, 12] , providing six degrees of freedom, as shown in Figs. 1 and 2. As the actuator for each extensible link, a piezoelectric linear actuator, the SQL-RV-1.8 SQUIGGLE® motor (New Scale Technologies, Inc., USA), is utilized, since it is small enough (2.8 mm x 2.8 mm x 6 mm) and generates a reasonable amount of force (>50gf at 3.3V). The linear stroke of the actuator is limited only by the length of its threaded rod or screw, which can be
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Sungwook Yang, Robert A. MacLachlan, Cameron N. Riviere selected as needed. Based on previous experience, a desired workspace of 4.0 mm diameter is specified. Each link also accommodates a ball bearing assembly on the one end of the screw, to decouple rotational motion and transmit pure translation to the link. Upper and lower ends of the links are connected to the platform and the base, respectively, by polypropylene sutures (#1-0). The sutures play the role of flexure hinges, in lieu of universal joints. In addition, three preloading springs are engaged in order to provide a certain amount of force preload on the motors, which yields consistent linear motion and prevents backlash due to the change in the side of the screw threads that is in contact with the motor. The manipulator must be able to support realistic side loads, as described in Section IV. The manipulator has a male Luer-Slip connector to which various end-effectors can be attached.
III. KINEMATICS
To determine the position and orientation of the tool tip, the inverse kinematics for the parallel micromanipulator is developed. Accordingly, the length of each link for linear actuation is calculated corresponding to the tool tip.
For further analysis, we define the desired 6DOF motion of the tool tip as the combination of two types of translation and one rotation.
• Translation in XYZ at the end-effector (3DOF).
• Translation in XY at the remote center of motion, at the assumed point of contact with the sclera (2DOF).
• Axial rotation of the tool shaft (1DOF).
Specifically, for retinal surgery, the range of motion at the middle of a needle is constrained due to the necessity of working through the sclerotomy [7, 13] . Accordingly, the midpoint of the needle represents a remote center of motion (RCM).
Given the position and orientation by the above categories, the length of each link is determined as defining the corresponding vectors of the links, 
Here, ( ) top P P is the origin of the moving platform.
In order to determine, 
Since the normalized vector of the needle can be regarded as a 3D rotational transform of a unit vector, z u , the Euler angles,
, , x y z θ of the rotation are derived from (8) .
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Particularly, the angles x θ and y θ are simply expressed by the components of the normal vector when the axial rotation of the needle, θ z , is zero, which is assumed here, because active error compensation for vitreoretinal microsurgery is generally not needed in axial rotation.
Once the rotation matrix is formulated by the angles, the six end positions, , , ix iy iz OA of the links on the platform are determined by a homogeneous transform matrix (13) .
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As a result, the desired lengths of the links are finally determined by the vector of each link, i M using (2).
IV. OPTIMIZATION
The overall dimension of the micromanipulator and the preloading springs are optimized in this section. Various approaches have been described for optimization of the dimensions of parallel micromanipulators [14, 15] . These generally assume the overall stiffness of the manipulators to be sufficient to withstand external loads and to achieve high control bandwidth. However, the design space is more limited in the case of micromanipulators. Furthermore, the performance of the manipulator depends greatly on the capabilities of the actuators, as mentioned earlier. For instance, during retinal surgery, they might undergo high external force at the sclera (taken as the remote center of motion) although a relatively small amount of force is required at the end of a needle [13, 16] . Hence, for maintaining the position of the needle even under heavy side load, the load distributed to each actuator by the external force should not exceed the maximum thrust force of the actuator. Otherwise, the actuator stalls and the manipulator cannot cancel hand tremor.
The optimal dimension for the manipulator is therefore determined by the expected side load and the available thrust force. Fig. 3 represents the distribution of the minimum and the maximum forces acting on six motors when a side load from 0 to 20 gf (approximately 200 mN) is applied to the side of the needle (direction of application ranges from 0 to 360°). The deviation between these two extreme forces should be less than the maximum thrust of the actuator.
In addition, a certain amount of preload should be provided on the motors in order to operate consistently. If the direction of the resultant force on the motors changes due to the amount and direction of the side load, backlash on the screw results, degrading control performance.
Overall, the goal is first to minimize the force deviation by optimizing relevant parameters in the geometry of the micromanipulator. Next, by applying appropriate preloading to the motors, the motor should be able to operate always under compression. That is, the minimum force then should be above zero, and the maximum force less than the available thrust force of the motor.
A. Geometrical Parameters
We optimized the geometrical parameters such as diameters of the base and the platform, and the initial height between them. For this procedure, the available thrust force of the motor was set to be 80 gf (800mN), which can be achieved by applying a voltage greater than 3.3 V to the motor. The maximum side load was estimated at 200 mN, based on experiments with porcine retinal tissue ex vivo and rabbit eyes in vivo [13, 16] .
In general, a wider manipulator is more robust to side load on the RCM since the larger diameter of the platform leads to smaller force on its supports, based on moment equilibrium. On the other hand, ideally the manipulator should be as narrow as possible for ease of gripping. The dimensions are also constrained by the length of the actuator modules and the need to avoid physical interference between adjacent modules.
Hence, the diameters of the base and the platform and the initial length of the actuating module were optimized under certain constraints. For the optimization, we adopted a numerical approach based on 'active-set' algorithm utilizing the Matlab TM function 'fmincon.m' referred to constrained nonlinear optimization since it is too complicated to derive an analytical relationship for a given needle pose. As a nonlinear constraint, the distance between two adjacent joints was assigned and maintained during optimization. In addition, the dimension criteria established upper and lower bounds.
A cost function, f , was defined to minimize the force deviation of the motors at a given needle pose with respect to side load in (14) . The side load was applied with the amplitude from 0 to 20 gf (200 mN) and the angle of direction from -π to π around the RCM. 
The maximum and minimum forces were then acquired from the forces on the motors. In this step, we assumed the spring preload, preload F , to be zero, since it would rarely affect the amount of the deviation.
The optimal values tended to be bounded to either the upper or lower boundary of the geometrical parameters. A relationship between the minimum force deviation and the diameter of the base was derived by curve fitting as shown in Fig. 4 . The optimal value was selected to be 14 mm and 20 mm for the platform and the base, respectively, which keeps the force deviation below the available thrust force of the motor (80 gf). In addition, the length of the actuating module was set to the minimum length, 22 mm, which was determined by the practicalities of assembling the module. The results of the optimization are shown in Table I .
B. Preload
The preload was applied to the screws of the motors by three vertically aligned springs from the platform to the base. These spring forces were defined by the stiffness ( k ), the initial length ( . 
A spring with low stiffness would be favorable in this design in order to minimize variation in preload due to movement of the platform. Accordingly, we selected the spring with the lowest stiffness (CI 010EF 14S316, Lee Spring, USA) among commercially available extension springs. This spring has stiffness of 28.2 mN/mm and also allows enough elongation over the dimension of the manipulator.
We then found the optimal elongation of the spring, which shifts the force distribution to a desirable regime as shown in Fig. 5 . This was achieved since the maximum and the minimum forces were both linearly dependent on the initial elongation. Overall forces were finally distributed in the positive regime (compressive force on the motor) by setting the initial elongation to 18 mm.
V. RESULTS

A. Workspace Analysis
Based on the optimization results, the reachable workspaces were reconstructed with respect to the tolerated side load as shown in Fig. 6 . For this, we investigated the tolerable side load over hemispherical workspaces of 4.0 mm and 5.0 mm diameter. Fig. 6(a) shows the reachable workspace at 3 different side loads if the available force from the actuators is assumed to be 800 mN. Fig. 6(b) shows the corresponding workspace for an assumed available force of 1000 mN. At each point, the maximum and the minimum forces were computed in the manner described in the optimization ( §IV). The forces were then assessed by the criteria of maximum thrust force and overall force range. Fig. 6(a) shows that if available force is 800 mN, a side load of 200 mN is tolerated only in a small region of the workspace, whereas 150 mN can be supported throughout. In contrast, if available force is 1000 mN, the manipulator can reach almost the entire specified workspace, even under a side load of 200 mN.
B. Manipulation Performance
To evaluate the side-load capability, a benchtop version of the micromanipulator was built as shown in Fig. 7 . The overall diameter and height of the fabricated manipulator were 25 mm and 50 mm, respectively.
For the experiment, the position of the needle tip was measured by the optical tracking system, ASAP (The Apparatus to Sense Accuracy of Position) mounted on the platform within a 40 mm3 workspace. The externally arranged sensitive detectors (PSDs) detected the IR lights emitted from LEDs on the top platform. The detected signals were finally converted to the position and orientation of the tip at a sampling rate of 2 kHz with noise of less than 10 µm RMS [17] . In addition to the measurement, the needle tip was able to reach the desired pose using a PID controller and the inverse kinematics for finding corresponding lengths of the links. Fig. 8 demonstrates the displacement according to the side load of the range from 0 to 300 mN on the RCM when a sinusoidal input of 1.0 mm was injected to the needle tip. Noticeably, the manipulator tolerates a side load of 200 mN, as expected from the workspace analysis. As the side load exceeds 200 mN, the trajectory of the displacement starts to be distorted considerably. We calculated the RMS error for trajectories in Fig. 8 with respect to the target trajectory without the side load; these are shown in Table II . This result shows that the side-load capability measured by the experiment is consistent with the result from the workspace analysis, especially for the case of 1000 mN maximum thrust force.
VI. DISCUSSION
The benchtop micromanipulator presented herein successfully provides 6DOF operation and a hemispherical workspace of 4 mm diameter, within a maximum manipulator diameter of 25 mm. The design optimization focused primarily on the amount of side load that can be tolerated, since previous experiments have indicated that the contact force can be considerably higher at the sclera than at the retina [13] . This is of particular importance for this system because the maximum available force decreases as actuator volume decreases, and the force needed to support a given side load increases as manipulator diameter decreases. Using SQL-RV-1.8 SQUIGGLE® motors, the manipulator presented performed successfully under a 200 mN side load within a workspace of 2.0 mm diameter. Simulation indicates that it can be expected to tolerate a 150 mN side load throughout the workspace of 4.0 mm diameter.
A handheld version of the manipulator is now under development. The optimization will be revisited in light of the measured performance of the actuator modules. If larger thrust force is found to be consistently available for the constructed modules, the manipulator can be made more compact, which would be preferable to users. This also has implications for mechanical refinements to the bearing assembly, the dimension of the flexures, and the preloading springs. Finally, the fully handheld 6 DOF micromanipulator will be completed by the integration of additional LEDs on the base for control feedback, and the design of an ergonomic housing for easy grip. 
